Objective: Low birth weight has been linked to lower lean body mass and abdominal obesity later in life, whereas high birth weight has been suggested to predict later obesity as indicated by high body mass index (BMI). We examined how birth weight was related to adult body size, body composition and grip strength. Design/subjects: Cross-sectional study on 928 men and 1075 women born in [1934][1935][1936][1937][1938][1939][1940][1941][1942][1943][1944], with measurements at birth recorded. Measurements: Height, weight, waist and hip circumference and isometric grip strength were measured. Lean and fat body mass were estimated by bioelectrical impedance with an eight-polar tactile electrode system. Results: A 1 kg increase in birth weight corresponded in men to a 4.1 kg (95% CI: 3.1, 5.1) and in women to a 2.9 kg (2.1, 3.6) increase in adult lean mass. This association remained significant after adjustment for age, adult body size, physical activity, smoking status, social class and maternal size. Grip strength was positively related to birth weight through its association with lean mass. The positive association of birth weight with adult BMI was explained by its association with lean mass. Low birth weight was related to higher body fat percentage only after adjustment for adult BMI. Abdominal obesity was not predicted by low birth weight. Conclusions: Low birth weight is associated with lower lean mass in adult life and thus contributes to the risk of relative sarcopenia and the related functional inability at the other end of the lifespan. At a given level of adult BMI, low birth weight predicts higher body fat percentage.
Introduction
Adult obesity is a well-known risk factor for metabolic syndrome and related conditions including impaired glucose regulation, hypertension and cardiovascular diseases. These disorders are associated with low birth weight, [1] [2] [3] [4] [5] whereas adult obesity, as assessed by high adult body mass index (BMI), is paradoxically predicted by high birth weight. [6] [7] [8] [9] [10] However, as BMI denotes lean mass as well as fat mass it may not be an optimal proxy of adiposity. Studies on body composition have shown that low weight of infants born small for gestational age seems to be primarily attributable to reduced lean body mass. 11 This type of growth deficit tracks through childhood 12 and adolescence 13 into adulthood. [14] [15] [16] [17] Not only lean and fat compartments of body mass but also fat distribution seem to be determined during fetal life. [18] [19] [20] [21] [22] However, there are conflicting reports on whether poor fetal growth truly predicts abdominal obesity or whether higher waist-hip ratio is primarily related to a reduced hip size in individuals with low birth weight. 19, 21 Another concern in studies reporting the role of birth weight in adult body composition is that assessment of body tissues by anthropometric measurements may introduce inaccuracy. Muscle strength is closely but not exclusively related to the amount of lean mass. 23 Although most muscle growth and fibre-type transformations occur postnatally, 24 an initially small reserve of muscle fibres, set at birth, may predispose to premature decline in functional ability via muscle fibre loss with aging. Correspondingly, in three studies birth weight has been shown to be related to grip strength, 16, 25, 26 which is a significant predictor of survival in elderly men. 27 It is not known whether this finding could be explained by differences in the amount of muscle mass which forms a considerable proportion of lean tissue.
We have previously demonstrated a strong positive correlation between body size at birth and fat-free mass in adult life. 15 In the present study, we examined how body size at birth is related to adult body size and its total lean and fat components, measured by segmental bioelectric impedance, and how these factors are related to physical strength. As birth weight is strongly related to adult size, we also examined whether the associations between birth weight and adult body components or strength were explained by associations with adult height and BMI.
Subjects and methods
The 2003 participants in this clinical study belong to an original epidemiological study cohort of 8760 men and women. They were born as singletons at Helsinki University Central Hospital between 1934 and 1944, attended child welfare clinics in Helsinki and were living in Finland in 1971. 9 The majority also went to school in the city. Their birth records include newborn weight and length, and maternal age, height, weight (recorded before delivery), date of the last menstrual period and parity. A personal identity number has been assigned to every resident of Finland since 1971. Using this number, we traced people belonging to the cohort. All 7078 people belonging to the original cohort who were still alive and resident in Finland in year 2000 were sent a questionnaire. A total of 4515 individuals responded. In order to achieve a sample size over 2000 people for a clinical study, we used randomnumber tables to select 2902 subjects. Of these, 2003 participated (928 men and 1075 women, mean age 61.5 years, range 56.7-69.8 years, Table 1 ). The study was approved by the Ethics Committee of Epidemiology and Public Health of the Hospital District of Helsinki and Uusimaa. Written informed consent was obtained from each participant.
All measurements were performed by a team of three trained research nurses. Height and weight were measured in light clothing and without shoes. Two of the three nurses measured waist circumference (with a soft tape midway between the lowest rib and the iliac crest) and hip circumference (at the level of the great trochanters). Smoking habits and frequency of leisure-time exercise were derived from a self-administered questionnaire. A subject was defined as a smoker if he/she smoked one or more cigarettes per day, and as physically active if he/she exercised at least moderately three or more times per week. Moderate exercise was defined as comparable to brisk walking. Social class, based on occupation, was derived from the census data in 1980. Social class in childhood (upper middle, lower middle or labourer) was based on father's occupation recorded in birth, child welfare clinic and school records, of which the occupation indicating the highest social class was used in the analyses.
Estimates of total lean and fat mass were measured by biolectrical impedance analysis (BIA) using the InBody 3.0 eight-polar tactile electrode system, Biospace Co., Ltd, Seoul, Korea. The eight-polar BIA has been shown to give accurate estimates of body components in different populations without the need for population-specific algorithms. [28] [29] [30] This method is practical in large epidemiological studies with limited time for examination of each subject. 28, 29 The outputs of InBody 3.0 are based on segmental 28, 29 Resistance of arms, trunk and legs was measured at frequencies of 5, 50, 250 and 500 kHz with the subject standing barefoot in light clothing on the four foot electrodes on the platform of the analyzer and gripping the two palm and thumb electrodes. The estimates of body components were derived from calculations using the manufacturer's software. A detailed description of the sequence of measurements has been described. [28] [29] [30] Isometric grip strength of the dominating hand was tested by a Newtest Grip Force dynamometer (Newtest Oy, Oulu, Finland). The maximum value of three squeezes was used in analyses. For 104 subjects the dynamometer was not available or the test was not performed owing to hand pain.
Statistical analyses
We used linear regression with continuous variables to explore the relation of birth size with adult body size and composition and physical performance. Variables with skewed distribution (waist and hip circumference and fat mass) were log transformed to obtain a more symmetrical distribution. As growth patterns, body compartments and strength differ between sexes, all analyses were performed separately for each sex. One extremely obese subject (a man with a BMI of 68 kg/m 2 ) was excluded from the analyses. We used three models: an unadjusted model, a model adjusted for age and adult height and a model adjusted for age and adult BMI. As birth weight and length correlate with adult height, and height is related to the amount of lean mass, there is a clear rationale to adjust analyses of birth size, adult body size or components and grip strength for adult height.
BMI is a commonly used and reasonably valid index of obesity in population studies. However, because BMI represents both lean and fat mass a high BMI at an individual level does not necessarily indicate increased adiposity. From previous studies we knew that high birth weight is associated with high adult BMI 6-10 although in our study this relationship was statistically significant only in men (r ¼ 0.13). Thus, in addition to the unadjusted and heightadjusted models, we performed regression analyses adjusted for adult BMI. Age was included in these adjusted models: fat mass tends to increase and lean mass to decrease with age, even when weight remains stable. 31 In addition, analyses with grip strength were also adjusted for the amount of lean mass.
To assess the effect of potential confounders, we performed simultaneous regressions using as independent variables birth weight, adult height or BMI, and variables that in univariate analyses had been related to adult body composition. Subgroup analyses and tests of interaction were conducted to assess whether the effects of birth weight varied by adult body size and composition.
Results
Characteristics of the study participants are presented in Table 1 . Correlations between key anthropometric variables are shown in Table 2 .
Age, lifestyle, maternal characteristics and adult body composition Lower lean mass in adulthood was associated with higher age in men (Po0.001) but not in women. Lean body mass was not associated with physical activity or smoking. Lower body fat percentage was associated with lower age (P ¼ 0.016 in men and P ¼ 0.007 in women), frequent physical activity (Po0.001), higher social class in childhood (Po0.001 in men and P ¼ 0.031 in women) and in adulthood (Po0.001).
We calculated maternal BMI from height and weight measured before delivery. Lower lean mass in adulthood was associated with lower maternal height (Po0.001), lower maternal BMI (P ¼ 0.008 in men and P ¼ 0.002 in women) and lower maternal age at birth (P ¼ 0.024 in men). In women, lower body fat percentage was predicted by taller maternal height (P ¼ 0.001) and higher maternal BMI (Po0.001). Mother's parity (firstborn or other) and gestational age at birth had no effect on outcomes.
Size at birth and in adult life Birth weight was positively related to adult BMI, but in women this relationship was dependent on adult height (Tables 2 and 3 ). High birth weight predicted a larger hip circumference. In men, birth weight was positively associated with waist circumference, but this association disappeared after adjustment for BMI.
Size at birth and adult body composition In both sexes, birth weight correlated strongly with lean mass in adult life in the unadjusted model and in the models adjusted either for age and adult height or age and adult BMI (Table 3 ). This association was not attenuated by additional adjustments for maternal size and age, gestational age, smoking status, physical activity, and social class in childhood and in adulthood (data not shown). Fat mass and fat distribution, however, were not consistently related to birth weight. In men, high birth weight was related to greater fat mass in unadjusted and height-adjusted models but unrelated in a BMI-adjusted model; in women, there was no significant association between birth weight and fat mass. However, in both sexes higher fat percentage was predicted by lower birth weight in a BMI-adjusted model. Length and ponderal index (kg/m 3 ) at birth showed slightly weaker associations than birth weight. Table 4 shows that, in men, the association of birth weight with adult body fat percentage depended on the level of adult BMI (P for interaction birth weight Â adult Other factors related to lower grip strength were higher age and smoking. A 1 year increase in age corresponded to a 0.7 kg (95% CI: 0.5, 1.0) and a 0.5 kg (95% CI: 0.4, 0.6) decrease in grip strength in men and women, respectively, and male and female smokers had 1.6 kg (95% CI: 0.2, 3.1) and 1.5 kg (95% CI: 0.4, 2.6) lower grip strength than nonsmokers, respectively. Grip strength was related to birth weight. A 1 kg increase in birth weight corresponded to a 1.8 kg increase in grip strength in both men and women (95% CI: 0.6, 3.1 in men and 0.9, 2.6 in women, Table 3 ). This association disappeared after adjustment for height (Table 3 ) and in men also after adjustment for the amount of lean mass (0.03 kg, 95% CI: À1.2, 1.2). In women, this association diminished after adjustment for lean mass (0.9 kg, 95% CI: 0.03, 1.8, P ¼ 0.042).
Discussion

Main findings
We found that, in men and women aged 56-70 years, birth weight was positively related to adult lean body mass. The known association between birth weight and adult height or adult BMI did not explain this relationship. Moreover, the finding remained consistent after adjustment for confounding factors affecting the amount of lean mass such as physical activity, smoking and maternal height or BMI. 
Birth weight and adult body composition H Ylihärsilä et al
To our knowledge, this is the first large-scale study conducted in both sexes that has extended the assessment of early life origins of adult body composition to that of muscle strength. As could be expected from the strong relationship between birth weight and lean mass -which consists mainly of muscle mass -grip strength increased with birth weight. Because grip strength is an important indicator and predictor of frailty in elderly people, 32 this finding suggests that early life programming has an important role, not only in the development of cardiovascular disease and type 2 diabetes, but probably also in determining the frames of functional capacity in ageing individuals. An obvious challenge for all body composition studies is that absolute measures such as lean or fat mass represent not only the proportion of that compartment but also body size itself. It is well known that birth weight is related to adult body size: the heavier the newborn, the higher the height and BMI in adulthood. 8, 10 We addressed this problem by adjusting analyses for height, which is closely related to the amount of lean mass, or BMI, which is related to both lean mass and fat mass. We found that the association between high birth weight and greater lean mass in adulthood persisted even after these adjustments. Thus, birth weight predicts lean body mass even within adults of the same sex and height or BMI.
Our results illustrate the limitations of BMI as an index of fatness, particularly in studies that have assessed the associations between birth weight and adult obesity. High adult BMI has been linked to high birth weight in a number of previous studies. [6] [7] [8] [9] [10] This has been counterintuitive, as whereas obesity has long been known to predispose to several diseases, including type 2 diabetes and cardiovascular Birth weight and adult body composition H Ylihärsilä et al disease, accumulating evidence has linked higher birth weight with a lower risk of these diseases. [2] [3] [4] [5] In our study birth weight was positively related to adult fat mass in men, but this association disappeared after adjustment for adult BMI. When current BMI was taken into account, low birth weight predicted increased body fat percentage in adult life in both sexes. Although this result suggests that the positive relationship of birth weight with adult BMI may not adequately predict the level of fatness, the impact of birth weight on fat percentage was relatively small and confined to men with a BMI below 30 kg/m 2 and women with a BMI below 25 kg/m 2 . A possible explanation of this might be that nonoptimal adult life style, including unhealthy dietary and exercise habits, may lead to excess fat mass which overrides the effects of birth weight on fat percentage in obese individuals. The balance of fat and lean mass is important for functional ability at an older age, 33, 34 and according to a prospective study in 60-year-old men, mortality increases as a function of percentage of fat and decreases as a function of fat-free mass. 35 
Study strengths and limitations
With 2003 subjects this is, to our knowledge, the largest study assessing the relationships between birth weight and adult body composition. Both men and women were included in the study. As the amounts and proportions of body compartments differ significantly between sexes, all analyses were gender specific. Birth data were obtained from reliable records and not based upon recalled values. Body composition was measured with a validated BIA method suitable for analyses in large epidemiological studies. Our study was restricted to men and women who were born in the Helsinki University Central Hospital, attended child welfare clinics, were still alive and living in Finland in the year 2003 and willing to participate. They may not be representative of the population born in Helsinki. In the year 1934 52% and in 1944 60% of deliveries of all women living in Helsinki took place in Helsinki University Central Hospital. Attendance at child welfare clinics was voluntary. Emigration and refusal to participate may have further affected the representiveness of our cohort. However, our analyses are based on internal comparisons within the cohort. It is unlikely that the associations between birth weight and adult body composition differ between those who attended the study and those who did not attend. Nevertheless, given the long time sequence between the birth measurements and the body composition measurements, preferential survival of subjects with particular profiles of birth weight and adult body composition could have influenced our results.
Anthropometric measures are sensitive to measurement errors and assessment of intra-and inter-observer errors is recommended to ensure comparability of results within and between observers. Two of our three research nurses were involved in the measurement of waist and hip circumference. They are experienced and performed all measurements according to a similar protocol during the almost 3-year period of the clinical study. No formal assessment of intra-or inter-observer errors was performed.
Comparisons with previous work
Our results are in line with previous studies linking low birth weight with reduced lean body mass.
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studied men at both ends of the birth weight distribution and found that men in the low-birth-weight group, in addition to having less fat-free mass, had higher body fat percentage than men in the high-birth-weight group both before and after control for BMI. This relationship was present in our subjects with a wide range of birth weights only after adjustment for BMI. Two other studies have assessed the relationship between birth weight and waist circumference unadjusted and adjusted for BMI in European subjects. 19, 21 Consistent with these studies, we found a positive association between birth weight and waist circumference in men, 19, 21 but not in women. 21 This association remained significant after adjustment for BMI in one study. 21 Theoretically, this could be important because studies validating anthropometric measures against abdominal computerized tomography have suggested waist circumference as a reasonable indicator of visceral fat. 36 This finding might seem to be in contradiction with the hypothesis of low birth weight as a predictor of abdominal obesity. We believe that this discrepancy illustrates the importance of the use of specific indicators of body composition and fat Birth weight and adult body composition H Ylihärsilä et al distribution in life course studies. Therefore, we propose caution before drawing any conclusions in a question, which would require more accurate methods such as computer tomography or magnetic resonance imaging to assess visceral fat. In our study, grip strength was comparable with a previous study in Californian population 34 but lower than in a British cohort, 25 the members of which were 3-17 years younger than our subjects. The association between birth weight and grip strength is consistent with previous observations. 16, 25, 26 Two of these studies reported adjustments for adult height and weight, which did not explain the birth weight association. 25, 26 We found that this relationship disappeared after adjustment for lean mass, suggesting that the effect of prenatal conditions, indicated by birth weight, on muscle strength are mediated through effects on gross muscle mass.
Public health implications
Low birth weight has been acknowledged as a risk factor for type 2 diabetes and cardiovascular disease 2-5 -leading causes of morbidity and mortality in Western countries. 37 Although recognition of low birth weight as a risk factor gives an opportunity to target preventive interventions early in the life course, the nature of possible interventions depends on the underlying mechanisms of this relationship. As muscle is an important site for glucose metabolism, a low muscle mass (as indicated by low lean mass, relative to body size or fat mass) may lead to disturbances in glucose and insulin metabolism in subjects with low birth weight, predisposing these subjects to type 2 diabetes and cardiovascular disease. Accumulation of fat mass during childhood and adult life may initiate this process. This is suggested by several epidemiological studies describing specific patterns of early growth, such as low weight gain in infancy and rapid gain in BMI during childhood, that aggravate the association between low birth weight and metabolic characteristics and health in later life. 2, 4, [38] [39] [40] [41] In a recent study on associations between birth measures and glucose intolerance, we showed that subjects born light or thin benefited specifically from regular exercise. 42 These findings constitute a rationale for future intervention studies, aiming at increasing muscle mass in relation to fat mass, to prevent type 2 diabetes, cardiovascular disease and related traits in individuals at increased risk of these disorders because of their low birth weight. Another aspect of low lean body mass concerns physical ability and functional independency at old age, the role of which has become important during the last decades by the continuous rise in life expectancy. 43 In aged people, an intrauterine growth deficit resulting in fewer muscle fibres together with progressive loss of fibres by aging may make them face early physical limitations, disability and functional dependence. An initially higher number of muscle fibres may lengthen the ability to an independent life at an old age, although by far the most important factor in this respect is the maintenance of physical activity. 44 Yet, there is no consensus whether the primary factor explaining the decrease in physical performance by age is the decline in lean mass, 45 the increase in fat mass 46 or a combination of thesea relative excess of fat mass to lean mass. 33, 34 Nevertheless, possible interventions aiming at increased muscle mass are likely to promote physical ability of ageing people as well.
Conclusions
We have shown that people who are born with a high birth weight have higher lean body mass even when differences in height or BMI are taken into account. This relationship explains the positive association between birth weight and grip strength. Low birth weight predicts a higher proportion of fat compared with lean mass within a given BMI. BMI may thus not be a relevant index of fatness in life course studies assessing the relationship between early growth and obesity.
